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ABSTRACT 
Nuclear-chloroplast genome interactions are important for the 
timely and complete biogenesis of the photosynthetic machinery. var2 is 
a nuclear encoded factor hypothetically involved in the biogenesis of 
thylakoid membranes. Arabidopsis thaliana lacking in var2 have the 
yellow variegated phenotype. These plants are green and yellow 
variegated in every tissue that is normally green, except the cotyledons 
that are all green. Plastids in the yellow sectors of the plants are of a 
number of types - some normal appearing chloroplasts, some largely 
vacuolar plastids, and some plastids with rudimentarily formed internal 
membrane structures. var2 is homologous to ftsH, an essential zinc-
metalloprotease with chaperone activity in Escherichia coli. 
This thesis presents two very different projects concerning var2. In 
Chapter Two splicing behaviors are monitored in three alleles of var2 
containing splice site consensus sequence point mutations (two alleles of 
another variegation mutant, immutans, are also presented). A number of 
cryptic splice sites are activated, and intron retention is noted in two of 
the alleles, lending support to an intron definition model for pre-mRNA 
recognition. Computational analysis shows use of locally optimal splice 
sites in these mutants. Other splicing mutants from Arabidopsis have 
been collected and analyzed, and a model is presented for pre-mRNA 
definition based on the smaller of local intrans and exons. 
In Chapter Three a var2 homolog is Synechocystis is identified and 
knocked-out. Characterization of this mutant reveals it to have an 
altered PSI! to PSI ratio, and decreased chlorophyll content, though 
overall photosynthetic rate is not affected in the mutant as compared to 
wild type. Protein analyses show that the mutant is accumulating one 
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subunit of PSI, PsaA. Based on the likely proteolytic and/or chaperone 
nature of this protein and data from a recent microarray study, this var2 
homolog's role in photosystem one regulation is proposed. Abstracting 
from this system back to Arabidopsis leads to the hypothesis that var2 is 
involved in maintenance of photosystem one, likely through selective 
degradation of certain subunits, and that this in turn affects general 
thylakoid membrane biogenesis and stability. 
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CHAPTER ONE. var2 - A GENERAL INTRODUCTION 
Photosynthesis is a most ancient process through which plants 
harness energy from the sun's light. This energy is used for production of 
the basic molecules responsible for life. The machinery responsible for 
this light energy capture and conversion to molecular energy is located in 
the thylakoid membrane of higher plants and photosynthetic bacteria. 
Our lab has long been interested in the photosynthetic machinery of 
the chloroplast, particularly in the mechanisms for biogenesis of 
chloroplasts and thylakoid membranes. Coordination between the 
nuclear and plastid genomes is of great importance for the process of 
plastid development to occur correctly and completely. Many of the 
proteins in the thylakoid membrane complexes responsible for 
photosynthesis are nuclear encoded, yet still maintained in correct 
stoichiometry with those coded for by the plastid genome. The 
transcription, translation, import to the chloroplast and association into 
complexes of these proteins are all important points of control and 
coordination between the nuclear and plastid genomes. 
Mutant study is and always has been a powerful tool to gain insight 
into the metabolic workings of higher plants like Arabidopsis thaliana. 
Especially of interest when studying chloroplast development are 
variegation mutants. Mutant plants with both green and non-green 
sectors must be experiencing some difficulties with chloroplast 
biogenesis, so study of them will evidence important aspects of such 
development. Some of the more well-studied variegation mutants are 
iojop in maize, albostrians in barley, and chloroplast mutator in 
Arabidopsis thaliana (Han et al., 1992; Hess et al., 1994; Martinez-
Zapater et al., 1992). Two of these mutants involve ribosome-deficient 
2 
plastids, while the other has mutations to the mitochondrial genome that 
secondarily affect the chloroplast. 
The two variegation mutants studied in our lab are different from 
these mutants in that their plastid difficulties are plastid autonomous. 
One of these mutants, immutans, has been cloned and the gene product 
localized to the plastid (Wu et al., 1999, Carol et al., 1999). immutans 
encodes a plastid homolog of mitochondrial alternative oxidase. 
immutans variegated phenotype is light sensitive, and the white sectors 
accumulate phytoene, a colorless carotenoid precursor. The other 
variegation mutant in our lab, originally thought allelic to immutans, is 
var2. After some initial studies it was found that the two variegation 
mutants were not allelic, and indeed the phenotypes are visibly 
distinguishable. 
yellow variegated Phenotype 
The phenotype of the variegation mutant found not to be allelic to 
immutans is characterized by green and yellow sectoring of all normally 
green tissues of the plant, except for the cotyledons. In contrast to the 
white and green sectoring in immutans, this mutant phenotype was 
termed yellow variegated. yellow variegated phenotype is not light 
sensitive, and is considered heteroplastidic. Microscopy has shown that a 
variety of plastid structures exist in the yellow sectors of these mutants -
some normal appearing chloroplasts, some largely vacuolar plastids, and 
some plastids with rudimentary internal membrane structures (Chen et 
al., 2000). The mutation responsible for the yellow variegated phenotype 
was positionally cloned to nuclear chromosome two, and the genetic locus 
termed var2. var2 codes for a 74 kD peptide, which after import 
experiments into pea chloroplasts was found at a mature size of rv69 kD 
in the thylakoid membrane extending into the stroma (Chen et al., 2000). 
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Based on blast searches var2 codes for a homolog of ftsH (filamentation 
temperature-sensitive). ftsH is a well-characterized essential gene from 
Escherichia coli with two N-terminal transmembrane domains that anchor 
it in the plasma membrane, extending into the cytoplasm. ftsH protein 
has zinc- and ATP-requiring protease activity, and also chaperone 
activity. This gene product has been shown to be involved in the 
selective degradation of uncomplexed membrane protein subunits such as 
SecY (Akiyama et al., 1996a), and subunit a of the F1Fo ATPase complex 
(Akiyama et al., 1996b) through one of two different mechanisms, one 
likely specific to such membrane bound proteins (Kihara et al., 1998). 
Other substrates for proteolysis by ftsH gene product include heat-shock 
transcription factor cr32 (Tomoyasu et al., 1995), and lysis versus 
lysogeny determination factors CII and CIII (Shetland et al., 1997; 
Herman et al., 1997). ftsH has also been implicated in the insertion into 
and through the plasma membrane of various molecules (Akiyama et al., 
1994a). Overexpression of molecular chaperones like GroEL/GroES and 
HtpG partially rescued specific aspects of ftsH mutant phenotypes in E. 
coli, supporting an important chaperone role for the gene product (Shirai 
et al., 1996). Such a protease and chaperone in one has been termed a 
charonin (Schumann, 1999). 
ftsH and var2 both fall into the AAA family (ATPases gssociated with 
diverse cellular gctivities) (Kunau et al., 1993). In order to belong to this 
family, a gene must contain one or more copies of the AAA cassette. The 
AAA cassette is an rv250 amino acid motif containing the highly conserved 
Walker Boxes A and B for ATP binding and hydrolysis, respectively and a 
region simply termed SRH (second region of homology) (Beyer, 1997). 
There are also a number of more loosely conserved domains, and in order 
to be AAA a protein must have at least one of a specific four of these. 
Based on which of the other of these lesser conserved domains a AAA 
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protein has it can be grouped into one of a number of subfamilies (Beyer, 
1997). ftsH and var2 are both members of the metal-dependent protease 
subfamily as they share one copy of the AAA cassette, N-terminal 
transmembrane domains, and a C-terminal zinc-dependent protease 
domain (Beyer, 1997). There are both eubacterial and eukaryotic 
members in this subfamily, but it is interesting to note that all eukaryotic 
members identified to date are confined to mitochondria and chloroplasts 
(Beyer, 1997). Members of the AAA family can be found in all the 
kingdoms and contribute to a variety of cellular activities, from organelle 
biogenesis, to membrane trafficking, to cell division, to gene expression 
(Suzuki et al., 1997). Most of the AAA proteins examined for structure 
function as homohexameric rings, like NSF, Clp proteins, and the 
regulatory lid of the 205 proteasome (for recent review see Vale, 2000). 
Recently the crystal structure of p97 has been reported at 18 angstroms, 
and that of one of its two AAA cassettes at 2.9 angstroms (Zhang et al., 
2000). A conformational change in the molecule upon ATP binding (not 
hydrolysis, as previously reported for other AAA proteins) gives some 
insight into a possible ratcheting mechanism for AAA ring function 
(Rouiller et al., 2000). Vale (2000) has proposed a mechanism of 
function using this ratcheting motion to unfold proteins or produce 
movement. However, for such a well-represented family across all 
kingdoms and in so many varied metabolic processes, much more 
remains to be discovered concerning the interactions among AAA subunits 
in homooligomers and their change in structure with activity. 
var2 Allelic Series 
Over the years we have collected an allelic series of var2 mutant 
Arabidopsis thaliana lines. Five alleles have previously been published, 
and two more are making their first appearance in print in Chapter Two of 
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this thesis. These alleles show a range of severity of variegation, as well 
as var2 gene product expression and protein accumulation. Figure 1.1 
shows a schematic of the seven alleles, the nature of their mutations, as 
well as the proposed organization of VAR2 protein in the thylakoid 
membrane. Also indicated is the relative severity of phenotype, and the 
level of VAR2 in each. Three of the alleles (var2-4, -6, and -7) have point 
mutations in intron splice site consensus sequences. var2-3 and -5 have 
stroma 
AAA cassette 
Zinc Binding Site 
Figure 1.1 var2 Alleles. 
% WT Degree of 
Protein Variegation 
1.3% 
* var2-3 (G267D) 21.8% 
*var2-5 (P320L) 0.1 % 
.-O var2-4 (Splicing) 0.1% 
.-o var2-6 (Splicing) 0.8% 
.-<J var2-7 (Splicing) 0.8% 
.-0 var2-1 (Nonsense) 1.5% ______ ___, 
Topology of var2 in the thylakoid membrane. Indicated are all seven 
alleles accompanied by their protein expression levels and relative 
degree of variegation. 
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missense mutations in Walker Boxes A and B, respectively. var2-2 has a 
missense mutation near the end of the second transmembrane domain 
(there is some evidence from mutations to ftsH that this may interfere 
with membrane association and complexing, hence activity). var2-1 has 
a nonsense mutation near the end of the coding region, and this mutant 
transcript is apparently targeted for nonsense mediated decay as no 
message is detectable in the plant. 
Thesis Organization 
This thesis consists of two studies loosely connected through 
nothing more than the gene var2. Each starts with a general question 
concerning an aspect of var2, then goes in its own direction. One of 
these directions leads to inclusion of study on immutans. The lab has 
also collected an allelic series of immutans, two of which have mutations 
in splice site dinucleotides. Study of the splicing patterns of the five 
splicing mutant alleles of var2 and immutans, how they affect the 
variegation phenotype, and what they say about initial definition of pre-
mRNA will be presented in Chapter Two. Also included in that chapter is 
a computational approach to understanding splicing events in the 
mutants. Mechanisms for spliceosomal recognition of pre-mRNA and 
splicing in higher plants must be better understood if we are to develop 
accurate algorithms for genome annotation. The completion of the 
Arabidopsis Genome Initiative sequencing effort is really a small part of 
the upcoming battle to accurately annotate this sequence information. 
There are currently two main models for initial pre-mRNA recognition -
exon and intron definition. var2 splicing mutant alleles support an intron 
definition model, while previously published mutants mostly support an 
exon definition model. A model based on the smaller of local intrans and 
exons is offered in an attempt to reconcile all splicing mutant data 
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collected from Arabidopsis. SplicePredictor, an algorithm for splice site 
prediction, is employed in analysis of the various sites found utilized in 
var2 and immutans splicing mutant alleles. These mutants support a 
theory of the use of locally optimal splice sites. 
In another direction lies Chapter Three and studies in the 
photosynthetic bacterium Synechocystis sp. PCC 6803. Chloroplasts are 
derived from the endosymbiosis of a cyanobacterial ancestor into a 
protoeukaryotic host cell, and present day cyanobacteria maintain many 
photosynthetic similarities with higher plant chloroplasts. The versatile 
cyanobacterium Synechocystis has been used successfully to elucidate 
the mechanisms underlying photosynthetic electron transport and the 
functions of various photosystem subunits (Vermaas, 1998; Chitnis, 
2001). Complete sequencing and annotation of the Synechocystis 
genome has revealed four ORF's encoding putative ftsH homologs. In an 
attempt to take advantage of the relatively easy transformation, quick 
growth, and myriad other benefits of working with a bacterium as 
opposed to a higher plant, we chose to study the function of these ftsH 
homologs in Synechocystis sp. PCC 6803. A detailed characterization of a 
knockout mutant for the gene most similar to var2 is presented. A new 
hypothesis is proffered for the function of this gene product in 
Synechocystis that correlates highly with our hypotheses on the function 
of var2, and gives new direction for study in Arabidopsis. 
While the two studies presented in Chapters Two and Three are not 
obviously cohesive, they both contribute to our understanding of various 
aspects of var2, and in that way have worked together to mold our 
hypotheses on var2 function. 
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CHAPTER TWO. SPLICING: var2 SPLICING MUTANT 
ALLELES PROVIDE EVIDENCE FOR INTRON DEFINITION 
IN Arabidopsis thaliana 
Introduction 
Pre-mRNA splicing in Arabidopsis thaliana is an important process 
that needs to be better understood. With the information gained through 
completion of the Arabidopsis Genome Initiative (AGI) (The Arabidopsis 
Initiative, 2000), the ability to accurately predict splice sites and 
therefore gene products is of tantamount importance. Current ab initio 
algorithms (like those used by GenBank) used to annotate gene sequence 
information are only rv80% accurate. Given a plant gene with 5 exons 
(average is 5.8) this means that one exon will be wrong. Since we 
cannot know which exon is in error, this leaves a large number of gene 
product protein sequences possible for any gene sequence annotated in 
this way. Only through a thorough understanding of all the sequence 
elements important for mRNA splicing and an accurate model for how 
they are recognized and used in the process of splicing will we be able to 
develop algorithms that allow us to· utilize genome sequence information 
with confidence. 
Pre-mRNA splicing is a complex reaction involving the recognition of 
sequence elements followed by binding of various RNA and protein factors 
to form the spliceosome. The process and factors involved have been 
well studied in vertebrate and yeast systems (for reviews see Simpson 
and Filipowicz, 1996; Staley and Guthrie, 1998). Homologs have been 
found in higher plants for most of the important splicing factors known in 
yeast (for overview see Lorkovic et al., 2000), leading to the hypothesis 
that the mechanism of splicing is similar for plants and yeast. Intron 
splicing itself is a two-part reaction with an intron lariat 1) being formed 
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and then 2) released and the surrounding exons ligated together. There 
are two transesterification reactions involved in the steps above; the first 
is the 5' intron splice site donor : G binding the branch point A, and the 
second is the 3' end of the released exon binding the 5' end of the 
downstream exon. Many of the steps involved in spliceosome formation 
and pre-mRNA splicing require ATP. 
Important sequence elements 
There are three conserved sequence elements important for proper 
splicing in all systems studied; the 5' and 3' splice site consensus signals, 
and a conserved branchpoint sequence. The 5' and 3' splice site 
consensus signals are six to nine relatively conserved bases with the two 
bases defining either end of the intron (: GU and AG:, respectively) being 
more or less absolutely conserved ( rv 1 % of plant intrans splice at 
:GC. .. AG:). There is a growing knowledge concerning a small class of 
"attack" intrans with alternate 5' and 3' splice site sequences ( :AT ... AC:, 
hence their name) and a unique U12 spliceosome (Burge et al., 1998; 
Tarn and Steitz, 1997). 
The branchpoint sequence contains the adenine nucleotide to which 
the intron lariat is formed during the first step of the splicing reaction, 
and in Sacchromyces cerevisiea this is an invariant five nucleotide motif. 
In Arabidopsis much debate has historically surrounded the presence, 
necessity, and consensus of a branchpoint sequence; however, most 
recent studies have come to agree on the consensus and importance of a 
branchpoint (Simpson et al., 1996; Brown et al., 1996). A rigorous study 
published in 1997 pinpointed a branchpoint consensus of WWCTRAW, 
usually located within 19 to 40 nucleotides of the 3' splice site of an 
intron (Tolstrup et al., 1997). 
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There are also a number of differences in important sequence 
signals for splicing between vertebrate or yeast systems and higher 
plants; intron UA content, the presence of U-rich versus pyrimidine rich 
tracts and their placement, AU- to GC-rich boundaries, and the average 
size of introns and exons in the systems. Introns in higher plants tend to 
be around 15% higher in AU content than exons, in dicots averaging 71 % 
and 55% AU for introns and exons, respectively. In monocots this 
difference is still present, but the overall percentages are lower at 61 % 
and 42% AU, respectively (Luerhsen et al., 1994). Introns in yeast and 
vertebrate systems do not have this difference, and plants do not reliably 
splice introns introduced from other systems that do not contain this base 
content difference (reviewed in Simpson and Filipowicz, 1996). There is 
also evidence that regions of AU-rich to GC-rich sequence transition can 
be used for splicing even without 5' or 3' consensus splice site 
dinucleotides. AU-rich intronic sequences lacking 5' or 3' splice site 
consensus sequences inserted into GC-rich sequences have been 
observed to undergo splicing regardless (Luehrsen et al., 1994 ). 
Vertebrate introns often contain polypyrimidine tracts between the 
branchpoint and 3' splice site to which certain splicing factors bind to 
assist in location of the sequence elements surrounding them. While 
higher plant introns do not have this feature, they do contain U-rich tracts 
often between the branchpoint and 3' splice site. Studies have shown 
that introns in plants can be made to splice more or less reliably through 
addition or removal of U-rich sequences, respectively (Baynton et al., 
1996; Gn iad kowski et al., 1996). Another g la ring difference between 
plants and vertebrates to be considered in a study of splicing is their 
average intron and exon lengths. Introns in Arabidopsis thaliana average 
240 nt, whereas introns in vertebrate systems average 1127 nt (Deutsch 
and Long, 1999; Hawkins, 1988). This can be an important factor to note 
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in discussions concerning the mode of pre-mRNA recognition by the 
spliceosome. 
Models for pre-mRNA recognition 
A big question in the larger picture of splicing concerns the 
operational unit of the pre-mRNA that is recognized by the spliceosome 
(Figure 2.1A). There are two main models to be considered: exon 
definition and intron definition. In vertebrates the exon definition model 
of pre-mRNA splicing is widely accepted. According to this model 
spliceosomal elements bind to cis-sequences in the pre-mRNA and 
interact across exons to define coding regions. This is a rather 
convenient model for vertebrates where intrans are usually large (1127 nt 
average) and exons relatively small (137 nt average) (Hawkins, 1988). 
One can imagine the components of the spliceosome organizing 
preferably and more reliably across the small span of an exon as opposed 
to across the larger span of an intron. This model requires special 
consideration for the first and last exons in a gene and their definition 
through possible recognition of the 5' mRNA cap and the 3' poly-adenine 
tail. 
In contrast to this is the intron definition model, which maintains 
that spliceosomal elements, once bound, interact across intrans to define 
coding regions. Intron definition has been demonstrated in small intrans 
of Drosophila through the use of transgenic intron constructs (Talerico 
and Berget, 1994). Talerico and Berget (1994) also showed that the size 
of transgenic intrans was important for affecting their mode of 
recognition, with smaller intrans tending toward intron definition, while 




















A. Intron and exon definition depicted schematically. Boxes and lines 
represent exons and intrans, respectively. Oval shapes indicate various 
splicing factors recognizing sequence elements of the pre-mRNA. Arcs 
represent interactions between splicing factors as they would occur across 
either exons or intrans. 
B. Study of splicing mutant behavior can support one or the other of the 
two models. See text for further explanation. 
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Splicing mutant analysis 
Much of the information known about sequence element properties 
and the factors that bind them has been gained through use of transgenic 
intron constructs. Study of naturally occurring splicing mutants is an 
even more powerful tool for understanding splicing. Mutant study allows 
us to witness the actual splicing behavior of an organism given a certain 
sequence element disruption. Many splicing mutants uncovered to date 
have mutations in 5' or 3' splice site consensus sequences. Using either 
the exon or intron definition model the splicing products that will result 
from such sequence mutations can be predicted (Berget, 1995). As seen 
in Figure 2.1B, given the same mutation in a 5' or 3' splice site consensus 
sequence, different mRNA species will result assuming either the exon or 
intron definition model for coding region recognition. Assuming exon 
definition a mutation in a splice site will result in the failure of that exon 
to be recognized as coding, hence it will be spliced out with the flanking 
introns. This is referred to as exon skipping. The same mutation 
assuming intron definition will result in inclusion of the intron in the 
transcript because it cannot be fully recognized as non-coding for removal 
by the spliceosome. This is referred to as intron retention. Splicing 
results obtained from study of pre-mRNAs with such mutations can thus 
be seen to support one or the other, or neither, of the models. In higher 
plants examination of mRNA species in a relatively few mutants predicted 
to have lesions in splicing signals have supported the exon definition 
model of pre-mRNA recognition (reviewed in Brown, 1996, and see Table 
2.1). There is also recent experimental evidence that the splicing of mini-
exons also follows an exon definition model (Simpson et al., 2000). It is 
interesting to note that Luehrsen et al. ( 1994) reported that higher plants 
are unique in requiring internal intron recognition for splicing, and 
followed this by saying that intron definition was therefore the first step in 
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Table 2.1 Characterized SQlice site mutants in Arabidoe_sis thaliana. 
Splice site Splicing Model 
Mutant Mutation involved outcome SUQ~Orted Reference 
ag-4 AG:A to 3' ss intron 5 1) Exon 6 Exon Sieburth et 
AA:A skipped definition al., (1995) 
2) Cryptic 3' 
exon 6 
activated 
ap3-1 AG:GT to 5' ss intron 5 Exon 5 Exon Yi and Jack, 
TG:GT skipped definition (1998) 
aux1- :GU to 5' ss intron 5 Cryptic 5' neither Marchant 
22 :GA activated and 
upstream Bennet, 
(1998) 
cop1-1 ACAG:T 3' ss intron 5 1) Exon 6 Exon Simpson et 
to skipped definition al., (1998) 
GCAG:T 2) Cryptic 5' 
intron 6 
activated 
cop1-2 :GT to 5' ss intron 6 1) Exon 6 Exon Ibid. 
:GA skipped definition 
2) Cryptic 5' 
intron 6 
activated 
cop1-3 3' ss intron 12 1) Intron 12 Intron McNellis et 
retained definition al., (1994) 
2) WT splicing 
cop1-6 AG: to 3' ss intron 4 1) Activation Intron Ibid. 
GG: of 3 cryptic definition 
sites 
2) Intron 4 
retained 
cop1-B AG: to 3' ss intron 10 Exon 11 Exon McNellis et 
AA: skipped definition al., (1994) 
Simpson et 
al., (1998) 
cop1- 3' ss intron 12 1) Cryptic site Intron McNellis et 
11 activated definition al., (1994) 
2) Intron 12 
retained 
det1-1 :GU??G 5' ss intron 1 Intron 1 Intron Pepper et 
to :GU??A retained definition al., (1994) 
dwf5-2 AG: to 3' ss intron 8 Activation of 2 Choe et al., 
AA: cryptic sites in (2000) 
exon 9 
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Table 2.1 (continued) 
Splice site Splicing Model 
Mutant Mutation involved outcome SUQQOrted Reference 
dwf5-6 :GT to 5' ss intron 12 Intron 12 Intron Ibid. 
:AT retained definition 
fus3-2 AG: to 3' ss intro'n 2 1) Intron 2 Luerssen et 
AA: retained al., (1998) 
2) Cryptic AG: 
activated 4 nt 
downstream 
3) Exons 4 
and 5 skipped 
fus3-1 :GT to 5' ss intron 3 1) Cryptic 5' Ibid. 
:AT :GT activated 
6 nt upstream 




spy-1 G:GU to 5' ss intron 8 Exon 8 Exon Jacobsen et 
A:GU skipped definition al., (1996) 
spy-2 AG:A to 3' ss intron 7 Exon 8 Exon Ibid. 
AA:A skipped definition 
wav5- AG: to 3' ss intron 2 1) Intron 2 Intron Marchant 
33 AA: retained definition and 
2) Three Bennet, 
cryptic sites (1998) 
activated 
pre-mRNA splicing. Indeed, when all the splicing mutants in Arabidopsis 
thaliana that have reported mRNA species are considered for their 
support of one model or the other, about half actually support intron 
definition. 
Our lab has been studying variegation mutants of Arabidopsis 
thaliana as a means of gaining insight into the factors that control 
chloroplast biogenesis. These mutants include var2 and immutans (Chen 
et al., 1999, 2000; Wetzel et al., 1994; Wu et al., 1999). We have found 
that var2 encodes an ftsH-like metalloprotease embedded in the thylakoid 
membrane (Chen et al., 2000), and immutans is a plastid-localized 
16 
protein related to mitochondrial AOX (Wu et al., 1999). A number of 
alleles have already been identified for each mutant. In this paper we 
report the sequences of three var2 alleles and two immutans alleles that 
have mutations in 5' or 3' intron splice site signals. We have examined 
the patterns of mRNA splicing in these mutants and have found that the 
var2 alleles support an intron definition model for pre-mRNA splicing. 
Both immutans and var2 evidence the phenomenon of nonsense-
mediated decay of mutant mRNA transcripts. We conclude that both 
exon and intron definition mechanisms may be active in Arabidopsis, 
though neither of the models accurately represent the complexity of the 
process. We propose that the relative local size of intrans and exons is 
important in their mode of recognition, and should be taken into account 
when considering the function and organization of the spliceosome. 
We have also subjected the splice sites used in wild-type Columbia 
Arabidopsis and mutants thereof studied in this paper to analysis with 
SplicePredictor. This program is one example of an algorithm for splice 
site prediction that will be so important for timely and accurate use and 
annotation of sequence data resulting from the AGL SplicePredictor is a 
program that predicts and scores splice sites within a given sequence for 
intrinsic strength. The algorithm used by this program has been 
developed and trained on a large data set of defined genes from 
Arabidopsis thaliana. We find that not only does SplicePredictor 
accurately represent in silica the in vivo findings of this study, it also 
helps us to explain some of them when we look at the splice site 
strengths the program assigns in terms of local optima. A promising 
approach to whole gene structure definition involves the use of locally 
optimal splice sites. In silica studies have shown that for a large body of 
transgenic Maize intron constructs, given a certain 5' splice site the 3' 
splice site paired to that is the locally optimal site downstream prior to 
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another 5' splice site (Brendel et al., 1998). In cases involving cryptic 
splice site activation such a law of local optima also applies. 
Materials and Methods 
Plant Material 
var2 and immutans allele stocks were obtained from Dr. G.P. Redei, 
Dr. Martinez-Zapater, the Arabidopsis Biological Resource Center (ABRC), 
and the Nottingham Arabidopsis Stock Centre {Table 2.2). Columbia, 
var2 and immutans were grown in soil at 22°C under continuous light 
conditions ( rvlOO µmoljs·m2). Green tissues were collected from all plants 
at the six leaf stage and frozen in liquid nitrogen, some stored at -80° C 
until use. 
Table 2.2 S~licing mutant alleles of var2 and immutans. 
RNA 
Allele Nature of Mutagen Background Source content(% 
Mutation WT} 
var2-4 G to A 405-D-
5' splice site X-ray Col 2569 
intron one (Redei) 17 
"'greener' 
immutans" 
var2-6 G to A 
3' splice site EMS Col cs3166 6 
intron two (ABRC) 
var2-7 G to A 
3' splice site EMS Col cs3622 88 
intron three (ABRC) 
cs3157 G to A 
5' splice site X-ray Col-1 ABRC 59 
intron six 
V189 G to A 
3' splice site EMS En-2 AIS/ 71 
intron one Robbelen 
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Nucleic Acid Manipulations 
Total RNA was prepared from 10 mg tissue samples using 
PureScript (Gentra Systems). For var2 alleles and wild-type sequence 
reverse transcription was performed using primer V2C-R (at the 3' end of. 
the var2 coding region, see Figure 2.2A - primer sequences can be found 
at the end of this section). PCR was performed using this preparation as 
a template and primers F3 and R4 to amplify across all three intrans in 
the coding region of var2. For immutans alleles and wild-type sequences 
reverse transcription was performed using primer 524 in exon nine. PCR 
was performed using this preparation as a template and primers 535 and 
im3R for allele V189, and primers im5F and im7R for allele cs3157 (see 
Figure 2.2B). 5' to 3' sequences for primers used are as follows: 
V2C-R:CGCGGTCGACTTAGACAGCAGCTGGTGTTGG; 
F3:CTGCGGTTGGTGCCAAGATC; R4: CTGCAAGCTTCTCAGACATG; 
524:GGTCTACAACGACTTAAGCTCATC; 
535:TCAGGCATCTCCTCTGGTACGTTG; im3R:CCTTGCATATGTTCGG; 
i m 5 F: GGCTCAGCACATAGCAACC; i m 7R: GCGATATCCGGTGCAGGC. 
Electrophoresis and northern blotting were performed as previously 
described (Wetzel et al., 1994). Band intensities were analyzed using 
Quantity One (Bio-Rad). 
For ease in visualizing small amounts of DNA and small differences 
in size between PCR products, 3% polyacrylamide or agarose gels were 
used, according to established protocols (Ausubel et al., 1999). 
Bands were excised and DNA was eluted from agarose using 
QIAquick Gel Extraction Kit (Qiagen), and from polyacrylamide using 
established procedures (Ausubel et al., 1997). Purified DNAs from 
agarose were sequenced using the primers used for amplification from 
cDNA. After elution from polyacrylamide gels DNAs were subjected to 
reamplification using the same primers; PCR products were 
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electrophoresed through agarose and the bands were excised and purified 
using QIAquick and sequenced. All sequencing was performed by the 
DNA Sequencing and Synthesis Facility at Iowa State University. 
Sequences were analyzed using AutoAssembler (Perkin Elmer). 
SplicePredictor 
This program was used using its default settings for Arabidopsis 
thaliana. Input data was the splice site dinucleotide plus the sixty bases 
up- and downstream. Specifics on the program are in the process of 
being published ( currently Xing, L. and Brendel, V., unpublished). 
Results 
To date there are seven unique alleles of var2 (var2-1 through -7) 
(Chen et al., 1999, 2000; and previously unreported). Of the seven, 
three contain mutations in an intron 5' or 3' splice site signal. As 
illustrated in Figure 2.2A, var2-4 has a G to A transition of the base 
immediately preceding the 5' splice site dinucleotide of intron one. var2-
6 and var2-7 have G to A transitions in the 3' splice site dinucleotides of 
intrans two and three, respectively. 
To examine the impact of these mutations on pre-mRNA splicing, 
RT-PCR was performed on total RNAs isolated from each allele. cDNA 
was reverse transcribed using primer V2C-R (see Materials and Methods 
for primer sequences, Figure 2.2A for primer placement), and PCR was 
performed using primers F3 and R4 to amplify the entire region 
containing the three intrans of var2. RT-PCR products were 



























Shaded boxes and lines represent exon and intron sequences, 
respectively. var2 (A) has four exons, immutans (B) nine exons. Short 
arrows show location and names of primers used for RT-PCR study of 
splicing patterns (sequences are given in Materials and Methods). The 
mutation in a splice site consensus sequence is indicated for each allele. 
denaturing polyacrylamide gels, and bands excised and sequenced. 
Figure 2.3A shows a single mRNA species of 1088 bp present in wild-type 
Columbia. This represents the anticipated size of the mature var2 mRNA 
after splicing out of all three intrans, given the primers used. 
Figure 2.38 shows that var2-4 has three detectable mRNA species. 
Sequencing of these bands reveals that the major species (1084 bp) 
results from activation of a cryptic 5' splice site 4 nucleotides upstream 
from the normal 5' splice site of intron one, resulting in an additional 4 nt 
excision with the first intron. This is predicted to give rise to an mRNA 
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GCAG:GU ................. 
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:GCAA:GU ., .-- • .. -- .. '• .; 
AG: 
AA: ... 14nt ... AG: --. •• • -- .. -- .. ·---
AA: ...... 64nt ...... AG: 
V. --·· ... . -· -..... 
Figure 2.3 var2 wild-type and allele splicing results. 
Polyacrylamide (A., B., C.) and agarose (D.) gels showing RT-PCR 
products. Boxes indicate coding regions while lines indicate normally 
intronic regions. Splicing is indicated by v-ed lines. Matching patterns of 
v-ed lines and arrows pointing to bands are meant as a guide to indicate 
how the mRNA species arise. 
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to a protein identical to wild-type up through the end of the AAA cassette, 
however the zinc binding site and any downstream active sites would be 
lost with the truncation. The larger of the minor species represents 
unspliced pre-mRNA (1373 bp), whereas the smaller of the minor species 
represents inclusion of the first intron, yielding a larger than wild-type 
transcript of 1173 nt. This product is also predicted to contain an early 
stop codon and would give rise to a protein similar to that for the above 
cryptic site product with an added 18 amino acids. It therefore appears 
that in var2-4 the spliceosome is functioning using a model of intron 
definition, due to the presence of an intron retention product. 
Figure 2.3C shows the splicing results for var2-6. var2-6 has two 
detectable mRNA species, the major (1074 bp) arising from activation of 
a cryptic 3' splice site 14 nt downstream from the 3' splice site of intron 
two. This mRNA would result in a frame shift and early stop codon. 
Protein transcribed from this mRNA would be wild-type through the AAA 
cassette and would truncate just after the zinc binding site. This might 
allow for ATP and zinc binding, but would be lacking important active sites 
downstream. The large minor species (1373 bp) again represents 
unspliced pre-mRNA. 
Figure 2.30 shows that var2-7 has one major and two minor 
detectable mRNA species. The major species (1202 bp) is an mRNA that 
includes intron three. The reading frame remains intact through the 
intron and the transcript is lengthened by 114 nt (verified in Figure 2.4, 
below), which could result in 38 extra amino acids in the translated 
protein. The smaller of the two minor species (1024 bp) represents an 
mRNA that arises from activation of a cryptic 3' splice site 64 nt 
downstream from the 3' splice site of intron three. This is predicted to 
result in a frame shift and early stop codon. Protein translated from this 
transcript would have an altered 13 amino acids in place of the last 119 
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amino acids of wild-type. This could possibly interfere with some 
important active or specificity sites of the protein. The 1088 bp minor 
species is normally spliced transcript, indicating that normal splicing 
occurs in the mutant a small percentage of the time. The splicing results 
for var2-7 also support an intron scanning model for initial spliceosome 
recognition of pre-mRNA as intron three is retained. 
immutans 
There are seven known alleles of immutans (Wetzel et al., 1994; 
Wu et al., 1999; and unreported). Of these, two appear to have splice 
site mutations. cs3157 sequence as reported by Wu et al. (1999) 
indicates a G to A transition in the 5' splice site dinucleotide of intron 6 
(Figure 2.28). Sequencing of genomic DNAs from V189 revealed that 
there was a G to A transition in the 3' splice site dinucleotide of intron 
one (Figure 2.28). These two alleles were chosen for further study of 
mRNA splicing patterns and analyzed as were the var2 alleles. RNAs 
were isolated and RT-PCR performed to amplify the areas around the 
splice sites containing the mutations (for primers see Figure 2.2). cDNA 
was transcribed for both alleles using primer 524, and PCR performed 
using primers 535 and im3R for V189, and primers im5F and im7R for 
cs3157 (see Materials and Methods for primer sequences). 
Wu et al. (1999) reported that an im cDNA from cs3157 apparently 
arose due to the activation of a cryptic 5' splice site 14 nt downstream of 
the predicted wild-type splice site into intron six. This was predicted to 
cause a frame shift and early stop codon. In light of the multiple splicing 
products revealed in the var2 splicing alleles we opted to further study 
this allele. Figure 2.48 shows cs3157 wild-type and mutant splicing. 
Surprisingly, we see that in both the wild-type and cs3157 there are 
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Figure 2.4 immutans wild-type and allele splicing products. 
Polyacrylamide gels showing RT-PCR products from V189 (A) and cs3157 
(B). Shaded boxes and lines indicate normally exonic and intronic 
regions, respectively. Splicing is indicated by v-ed lines. 
bp) is the predicted mRNA species when both intrans five and six are 
excised. The next largest species (188 bp) represents the cryptic 5' 
splice site activation previously reported. In some preparations a faint 
larger species could also be detected, but was not characterized as it was 
not present in all preparations. 
Figure 2.4A shows a single splicing product of 381 bp in wild-type 
Columbia for the primers used to study V189. The V189 mutant also 
gives this single band, indicating that wild-type splicing is occurring 
regardless of the splice site mutation. 
RNA gel blot analysis 
The fact that wild-type splicing was detected in V189 and cs3157 
seems puzzling as these mutants have the variegated phenotype of 
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immutans. To further examine this question, and to obtain quantitative 
data northern gel blot analyses were performed. We were also interested 
in performing northerns to test the idea of nonsense-mediated decay 
(NMD) in our splicing mutants. According to this hypothesis, the cell has 
developed a mechanism for recognizing and rapidly degrading stunted 
mRNA transcripts. NMD has been well documented in non-plant systems, 
and has been studied in depth in yeast. Simply put, the presence of a 
premature stop codon in the first two thirds (usually) of a transcript will 
lead to an altered RNP structure. This is recognized and triggers a 
cleavage near the 5' end of the RNA, effectively removing its cap. This 
RNA is then susceptible to degradation in a 5' to 3' manner, similar to the 
degradation of some wild-type mRNAs (for more see Peltz et al., 1994). 
Figure 2.5B shows northern blot data from the two immutans alleles 
and wild-type. V189 contains rv71 % of the wild-type level of transcript, 
and cs3157 rv59% of wild-type (for exact values see Table 2.2). These 
two alleles both contain the same mRNA species as wild-type, although 
A. B. 
Col 2-4 2-6 2-7 Col V cs 
Figure 2.5. mRNA transcript levels. 
A. var2 wild-type and splicing alleles. 
B. immutans wild-type and splicing alleles. 
Lower panel shows RNA gel for confirmation of equal loading. Bands 
were analyzed using Quantity One (Bio-Rad). 
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apparently at reduced levels. Figure 2.SA shows northern blot data from 
the three var2 alleles and wild-type. var2-7 shows an increased 
transcript size confirming the results obtained above of retention of intron 
three and maintenance throughout of the reading frame. var2-4 and 
var2-6, the major species of which were both proposed to lead to a 
frameshift and early stop codon, show severely reduced levels of mRNA 
transcript (rv5% and rv4%, respectively, see Table 2.2). These results 
can be explained through the phenomenon of nonsense-mediated mRNA 
decay. 
SplicePredictor 
Each splice site of interest from var2 and immutans was analyzed 
using SplicePredictor. The output from the program is shown in Table 
2.3. The input data for the program was the 60 bases on both sides of 
the splice site, including the :GT or AG: of interest for a total of 122 
bases input for each site. By necessity, in the case of the cryptic site 
used by var2-4, the :GC was changed to a :GT (SplicePredictor does not 
currently predict non-canonical splice site dinucleotides). The P-value 
output is a probability, scored from O to 1, of the intrinsic strength of the 
Table 2.3 SplicePredictor output. 
Sequences used for Splice Predictor include the :GT or AG: in question 
plus 60 bases both up- and downstream (for a total of 122 bases). 
Brief description of sequence P-value C-value 
var2 WT 5' intron 1 .999 15.02 
var2-4 5' intron 1 .972 9.06 
var2-4 cryptic 4 nt upstream 5' intron 1 1.000 17 .88 
var2 WT 3' intron 2 .996 12.91 
var2-6 cryptic 14 nt downstream 3' intron 2 .954 8.09 
var2 WT 3' intron 3 .982 9.93 
im WT 5' intron 6 .992 11.67 
cs3157 14 nt downstream cryptic 5' intron 6 .923 7.01 
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splice site. The c-value output is a ratio of the likelihood that the 
predicted splice site is a true site to the likelihood that it is a false site -
the higher this number, the more likely the splice site is true. AC-value 
of > 10 is highly likely to be a true site, while a C-value between 2 and 6 
would not be too reliable. As would be expected, all of the wild-type 
splice sites have high P- and C-values, and would appear to be strong 
candidates for splice sites. Each cryptic site activated in a mutant was 
also scored rather highly by SplicePredictor. 
Discussion 
With the Arabidopsis thaliana genome sequence completed {The 
Arabidopsis Initiative, 2000), and many other higher plant genome 
projects under way, it becomes increasingly important for the algorithms 
used to search this genetic information for coding regions to be accurate. 
The development of such algorithms depends on a detailed understanding 
of the mechanisms that plants use to recognize and splice pre-mRNA. It 
is also important for us to better understand the mechanism of action of 
the spliceosome as pre-mRNA splicing to form active transcripts is an 
important point of regulation for gene expression. In this paper we have 
introduced five mutants of Arabidopsis thaliana with point mutations in 5' 
or 3' splice site consensus sequences. Splicing patterns in these mutants 
were analyzed and a number of cryptic splicing events as well as intron 
inclusion were noted. The splicing results for these mutants support an 
intron definition model for the splicing of pre-mRNA in Arabidopsis. 
Northern blotting results for the mutants also demonstrate the 
phenomenon of nonsense mediated decay of mutant mRNA transcripts. 
SplicePredictor results support the use of locally optimal slice sites, even 
in the cases of cryptic splice site activation. SplicePredictor also modeled 
28 
in silico the in vivo findings of this study quite well, and seems a reliable 
algorithm for the annotation of coding regions into exons and intrans. 
Splicing sequence element importance 
Sequence elements used for the recognition of splice sites are of 
relatively low information content. Different studies using transgenic 
intron constructs have been able to show the importance of each 
sequence element identified from branchpoint to AU content of intrans to 
GC content of exons to 5' and 3' splice site consensus sequences 
(Baynton et al., 1996; Luehrsen et al., 1994; McCullough and Schuler, 
1997; Simpson et al., 1996). But it is the interaction of all of these 
elements in vivo and at different intrans that is of import. Results for 
var2-4 from SplicePredictor support a theory concerning local splicing 
optima. With a P-value of .999 and a C-value of over 15, the wild-type 5' 
splice site of var2 intron one is very strong. Given the mutation in var2-4 
(refer to Figure 2.1) this splice site still has a P-value of .972 and a c-
value of 9.06. This is still a strong site, but it is no longer used in var2-4. 
SplicePredictor is currently only able to predict canonical splice site 
dinucleotides, so to get a rating for the cryptic :GC site used in var2-4 the 
dinucleotide was changed to :GT. This site was then assigned a P-value 
of 1.000 and a C-value of 17 .88. A few conclusions can be drawn from 
this. One is that this site is locally optimal to the wild type 5' splice site 
given the G to A mutation in var2-4. The other conclusion is that the cost 
(in terms of splice site strength) of a C instead of a T in a 5' splice site 
dinucleotide is relatively small. Indeed, rv 1 % of Arabidopsis intrans splice 
using :GC. These results explain the usage of the cryptic site preferably 
to the wild-type site in terms of local optima. 
Another example of the use of locally optimal splice sites is in the 
case of var2-6. In this case, when the wild-type splice site is mutated, a 
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cryptic site is activated 14 nucleotides downstream. This cryptic site is 
scored rather highly by SplicePredictor, and is the only other 3' splice site 
found in the area. Once the wild-type site, which is the local optima, has 
been mutated, the next most optimal site is the cryptic site that is used in 
the mutant. 
Not exactly following with this theory are the SplicePredictor results 
for cs3157 5' splice site intron six. The wild-type splice site rates a P-
value of . 992 and a C-value of 11.67, by all current standards this should 
be a quite strong and true site. But RT-PCR results show us that this site 
is not used to the exclusion of one nearby cryptic site. This site, 14 
nucleotides downstream, rates a P-value of .923 and a C-value of 7.01. 
This site would not be assumed to compete for splicing with the wild-type 
site based on a theory of local optima. That this site would compete for 
splicing given the G to A mutation in the 5' splice site dinucleotide in 
cs3157 would likely fit with a theory of local optima. In this case a small 
cost can be assumed for the G to A transition and the P and C values for 
the mutated wild-type site would likely be more similar to those of the 
cryptic site. 
Another theory that we are beginning to entertain is that this is a 
case of alternative splicing as a fine control point for the expression of 
immutans. Use of the cryptic site results in a frame shift and early stop 
codon, yielding a truncated and hypothetically inactive protein. There is 
still a high level of mRNA message in cs3157 compared to wild-type, and 
it could be that more of this message is being spliced to make inactive 
protein rather than wild-type (which it can still also do), resulting in the 
immutans phenotype. A mutation at such a fine control point could also 
be explained by a lessened selection pressure for the correct splicing of 
intron six, given that alternative splicing also occurs in wild-type. There 
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is no EST evidence for this alternative splicing in immutans, but the issue 
definitely requires further study. 
immutans phenotype 
It is interesting that both of the splicing alleles of immutans studied 
here have the same mRNA species as wild-type Columbia Arabidopsis 
thaliana, yet they also have the variegated im phenotype (details on this 
phenotype can be found in Wetzel et al., 1994). Both alleles have 
previously been predicted to be null alleles, based on assumptions of 
cryptic splicing events yielding mutant transcripts followed by the 
nonsense-mediated decay of those transcripts (Wu et al., 1999; and 
unpublished). As we can see from Figures 2.4A and B, and 2.SB this is 
not the case. Wild-type transcripts are being produced in the splicing 
alleles, though at lesser than wild-type levels (59% of WT in cs3157, and 
71 % of WT in V189). We hypothesize that a threshold level of immutans 
is necessary to avoid the im phenotype, and that neither cs3157 nor 
V189 are able to achieve that threshold, even with near 75% of wild-type 
level of transcript. Upcoming work with antisense immutans plants, and 
the benefit of an immutans antibody, will allow us to flesh out this 
hypothesis. 
Arabidopsis splicing mutants 
There are a number of splicing mutants of Arabidopsis thaliana that 
have been previously described and analyzed similar to the alleles in this 
study. The majority of these mutants have been reported to lend support 
to the exon definition model of pre-mRNA splicing through various events 
of exon skipping (refer to Figure 2.18). Table 2.1 shows a compilation of 
Arabidopsis mutants with 5' or 3' splice site mutations that have been 
studied in some way for splicing behavior. cop1 (5 alleles), spy-1 and -
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2, ap3-1, and ag-4 splicing mutants all evidence exon skipping (see table 
for references). Many cryptic splicing events are also noted. Some of the 
previously reported splicing mutants have evidenced intron retention 
(wavS-33, detl-1), similar to the findings of this study, but in general the 
consensus has seemed to support an exon definition model for 
spliceosome function in Arabidopsis, and in turn higher plants (Brown, 
1996). A recent study on the splicing of mini-exons in Arabidopsis also 
lends support to a model of exon definition, as these exons seem to be 
recognized through interactions across the mini-exon from the 
branchpoint and U-rich tracts upstream to the 5' splice site of the 
downstream intron (Simpson et al., 2000). In the interest of reconciling 
the findings of this study with previous findings supporting an exon 
definition model of pre-mRNA recognition, we returned to the concept of 
definition based on the relative size of intrans and exons. Talerico and 
Berget ( 1994) show that i ntron and exon size effect the mode of 
definition of some pre-mRNAs in Drosophila melanogaster. In a number 
of genes with small intrans and larger exons, splice site mutations led to 
intron retention (a hallmark of intron definition mechanisms for pre-
mRNA recognition). If some of these small intrans were increased in size 
over four-fold through addition of a large Drosophila intron sequence, 
they showed evidence of cryptic splicing internal to the intron. This was 
explained by the spliceosome wanting to recognize across a small intron, 
and so given a larger intron it was simply choosing a smaller sequence 
and splicing that out. Table 2.4 shows an analysis of characterized 
Arabidopsis splicing mutants in terms of relative size of local intrans and 
exons. Taking into account the mode of definition that each mutant is 
assumed to predict as in Table 2.1, the splicing outcomes are then seen 
to either support, or not support a theory of mode of definition of pre-
mRNA based on the smaller of local intrans and exons. For example, 
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Table 2.4 Arabidopsis splicing mutants and size model. Sizes in number 
of nucleotides as indicated are exons (bold) and introns. 
: indicates splice site, and * indicates the splice site with the mutation. 
A. Mutants apparently supporting exon definition 
Mutant Sizes around mutation Size model? 
ag-4 99:87*41:85:41 Inconclusive 
ap3-1 99: 173 :41 *279 :44 yes 
cop1-1 158:97*66:527:79 yes 
cop1-2 158:97:66*527:79 yes 
cop1-8 105: 142*180:85: 111 no 
spy-1 119:83:68*85:81 yes 
spy-2 119:83*68:85:81 yes 
B. Mutants apparently supporting intron definition 
Mutant Sizes around mutation Size model? 
cop1-3 180:85: 111: 112*171 Inconclusive 
cop1-6 351:570*158:94:66 no 
cop1-11 180:85: 111: 112*171 Inconclusive 
det1-1 71*82:662:75:185 Inconclusive 
dwfS-6 81:90:82*93:66 no 
var2-4 1173*85:314 yes 
var2-7 241: 114*360 yes 
wavS-33 176:94*185:89:112 yes 
mutant ap3-1 supports an exon definition mode of pre-mRNA recognition 
as it evidences exon skipping. However, when the size of the intrans 
surrounding that skipped exon are considered, the exon is the smallest, 
so then this mutant also supports a model for pre-mRNA recognition 
based on the smaller of local intrans and exons. From this analysis, five 
of six mutants supporting exon definition, and three of five mutants 
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supporting intron definition support a model that relies on the smaller of 
introns and exons as the determining factor for mode of definition of pre-
mRNA. Some of the mutants give inconclusive results as the relative 
sizes of introns and neighboring exons are not consistent (for example, 
one neighboring exon is larger than an intron and the other is smaller). 
In light of the data presented here it seems that both intron and 
exon definition mechanisms for spliceosome pre-mRNA recognition are 
active in Arabidopsis thaliana. It can also be inferred that for a true 
understanding of the process neither model is sufficient, and possibly a 
model that takes into account relative sizes of neighboring introns and 
exons can better incorporate a growing body of mutant splicing results. 
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CHAPTER THREE. Synechocystis: CHARACTIZATION OF 
AN fstH HOMOLOG KNOCK-OUT MUTANT 
Introduction 
Our lab has been studying variegation mutants of Arabidopsis 
thaliana as a means to flesh out nuclear-chloroplast genome interactions, 
especially their role in coordinating chloroplast biogenesis. Thylakoid 
membrane protein complex subunits are maintained in stoichiometric 
amounts during development and maintenance. That these subunits are 
encoded on both the plastid and nuclear genomes is evidence of 
successful fine control of coordinate expression in the cell. It is our hope 
and expectation that a better understanding of the nuclear factors 
affecting functional chloroplast biogenesis will lend insight into methods 
of this fine control. One gene responsible for a mutant variegated 
phenotype, var2, is an excellent candidate for involvement in chloroplast 
biogenesis and/or maintenance. Arabidopsis plants lacking in var2 gene 
product are green and yellow variegated, yellow sectors of the plant 
being heteroplastidic. Some normal appearing chloroplasts can be found 
in cells in yellow sectors, some largely vacuolar plastids, and some 
plastids with rudimentary internal membrane structures. This yellow 
variegated phenotype is not light sensitive, though var2 expression is 
induced by light. 
var2 is one of a family of ftsH homologs in Arabidopsis. ftsH is a 
well-characterized zinc-metalloprotease with chaperone activity in 
Escherichia coli. Located in the plasma membrane and extending into the 
cytoplasm, ftsH is involved in a number of membrane maintenance 
activities. ftsH has been shown to selectively degrade uncomplexed 
membrane proteins SecY, subunit a of F1Fo ATP-ase complex, as well as A 
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CII and CIII regulatory proteins (Akiyama et al., 1996a; Akiyama et al., 
1996b; Shetland et al., 1997; Herman et al., 1997). ftsH also has 
chaperone activity and is involved in insertion into and through the 
plasma membrane of various proteins (Akiyama et al., 1994b). Based on 
the homology of their sequences var2 and ftsH are predicted to share a 
similar topology in a membrane. var2 has been localized through in vitro 
import experiments to the thylakoid membrane, extending into the 
stroma (Chen et al., 2000). Another member of the ftsH family in 
Arabidopsis, ftsH1, has also been localized to the thylakoid membrane 
and implicated in secondary degradation of D1 protein (Lindahl et al., 
2000). 
Chloroplasts of higher plants are believed to be the result of an 
endosymbiotic event involving an ancient cyanobacterium and a proto-
eukaryotic host cell. Indeed, present day cyanobacteria share many 
metabolic functions and gene products with chloroplasts of higher plants. 
Cyanobacteria have been extensively used to study the workings of 
photosynthesis with the understanding that these mechanisms are likely 
conserved in higher plants (Vermaas, 1998; Chitnis, 2001). 
Synechocystis sp. PCC 6803 is a widely used cyanobacterium for such 
studies, as it is an ideal organism for use in studying the photosynthetic 
machinery. Its 3.57 Mb circular genome has been entirely sequenced and 
annotated (Kaneko et al., 1996). It is naturally competent for the uptake 
of exogenous DNAs, but will not maintain plasmids derived from pUC or 
pBR. Its circular genome is also readily transformed by homologous 
recombination of DNA sequences. These traits combine to make 
Synechocystis a novel genetic playground. Any gene in the bacterium 
can be targeted for mutagenesis or replacement as flanking sequences 
can be easily obtained through CyanoBase 
(http://www.kazusa.or.jp/cyano/cyano.html), a searchable database of 
36 
the entire genome and annotation. Synechocystis sp. PCC 6803 is also a 
powerful tool for the study of photosynthetic mutants as it is a glucose 
tolerant strain. This allows for the autotrophic growth of mutants 
impaired in photosynthesis that would be lethal to an obligatory 
phototroph (like higher plants). 
Synechocystis sp. PCC 6803 codes for four putative ftsH homologs -
slr0228, slr1604, slr1390, and sll1463 (Kotani and Tabata, 1998). Based 
on a ClustalW alignment of predicted protein sequences, slr0228 is 60% 
identical to var2, and slr1604 is 60% identical to ftsH1 from Arabidopsis. 
It has previously been reported that slr0228 and slr1604 contain two 
transmembrane domains each, and slr1390 and sll1463 contain one 
transmembrane domain in their N-terminus (Mann et al., 2000; this 
information was based on Pedant database prediction). However, after 
submitting protein sequence for each of the four genes to various web-
based prediction programs, each of the four codes for at least two 
transmembrane domains (the programs used were TMHMM, 
http://www.cbs.dtu.dk/services/TMHMM-1.0/; DAS, 
http://www.sbc.su.se/rvmiklos/DAS/; and TopPred2, 
http://www.sbc.su.se/rverikw/toppred2/). It is possible that sll1463 
codes for a third transmembrane domain, but this is not likely as the third 
predicted domain would fall in the AAA cassette. Regardless, slr0228 
seems the most likely candidate for study as a var2 homolog in 
Synechocystis sp. PCC 6803. In this chapter characterization of slr0228 
knockout mutant will be presented. 
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Materials and Methods 
Cyanobacteria Culture 
Synechocystis sp. PCC 6803 was cultured in BG11 media with or 
without the addition of 5 mM glucose. Cultures were grown at a constant 
temperature of approximately 26° Celsius. Small cultures were grown 
with shaking under constant light, normal light conditions being 40-60 
µeinsteins, high light conditions being rvlOO µeinsteins. Large cultures, 
used for isolation of thylakoid membranes, were grown in bottles under 
normal light and bubbled with sterile air for circulation. When 
appropriate, antibiotics were added to liquid media and plates at 
concentrations of 50 µg/mL for kanamycin and 30 µg/mL for 
chloramphenicol. 
Mutant Construction 
Vectors for knockout mutants were constructed using standard 
cloning techniques. Upstream and downstream sequences for 
recombination at slr0228 were amplified from genomic Synechocystis sp. 
PCC 6803 DNA using the following primers with added restriction sites for 
cloning; upstream - 0228F1 :gcgaattcatcctccaccagttggtctc, 
0228R1: aaaactgcagtggaaccgtggttggcatctg, downstream -
0228F2: aaaactgcagaagtggttgatcgcctggtg, 
0228R2: gcggatccatcggttgcgtgcgcttactg. Products from these primers 
were digested with EcoRI and Pstl (upstream) and Pstl and BamHI 
(downstream) and cloned into pBS KS- (Stratagene). An rvl.3 kb gene 
for kanamycin resistance was cloned to the Pstl site between these 
sequences, resulting in p0228Km (see Figure 3.1). For recombination at 
slr1390 up- and downstream sequences were amplified from genomic 
DNA using the following primers with added restriction sites; upstream -
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1390F1 :gtcgagatactggtccacttc, 1390R1 :aaaactgcagtctccattgctggagttagg, 
downstream - 1390F2: aaaactgcagcctgctctagccggtaag, 
1390R2:gcggatccttcggtggtgctaccaatg. Products from these primers were 
digested with EcoRI and Pstl (upstream) and Pstl and BamHI 
(downstream) and cloned into pBS. An rvl.3 kb chloramphenicol 
resistance cassette was cloned between these fragments, resulting in 
p1390Cm (Figure 3.1). Transformation of Synechocystis sp. PCC 6803 
was accomplished as described by Vermaas (1998). Multiple rounds of 
segregation on increasingly selective media were performed before 
complete segregation of mutants was confirmed. 
Growth Rate Determination 
Cultures for growth rate determination were grown under normal 
and high light, with and without the addition of 5 mM glucose, as 
specified. When grown without glucose, cyanobacteria were cultured with 
glucose, and then without for at least one passing before being used for 
measurement (this allows for all glucose to be cleared from the cells, as it 
can be utilized for several days after it has been removed from the 
media). All spectrophotometer measurements were made using a 
Shimadzu spectrophotometer at 730 nm. Cell cultures with added 
glucose were monitored every 12 hours for density, cultures without 
added glucose every 24 hours until a significant leveling off of cell density 
was noted. 
Doubling time of the cultures was determined by plotting the 
natural log of the cell density at 730 nm as a function of time in minutes. 
The slope of the linear portion of this curve was then used to determine 
doubling time in hours. 
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77K Fluorescence 
Low-temperature fluorescence was done using a SLM 8000C 
spectrofluorimeter. Cells were collected from logarithmically growing 
cultures without added glucose and washed several times with water. 
Chlorophyll concentration was determined by methanol extraction. 5 µg 
chlorophyll of cells was then pelleted and resuspended to 30 µL with 
water and dark adapted on ice for 30 minutes. 70 µL glycerol was then 
added and the sample injected into a "cuvette" made of a flamed off 10 
inch glass pipette and frozen in liquid nitrogen. A specially fitted 
fluorimeter low temperature kit was installed and the cuvette for 
measurements. For spectra readings excitation wavelength was 435 nm, 
and emission was measured from 550 to 800 nm. Slit widths were set at 
4 mm and 2 mm for excitation and emission, respectively. Output data 
were converted to ASCII format and further visualization and 
manipulation of the data was done using Microsoft Excel. 
02 Evolution/Uptake 
Oxygen measurements were made using a Clark-type electrode and 
an overhead projector as a light source. The electrode and chamber were 
maintained at 25 °C by use of a circulating water bath. Output was 
monitored on a chart recorder. Cells were prepared by harvesting in 
logarithmic growth (no glucose in the media) and washing multiple times 
in 40mM HEPES-NaOH buffer, pH 7 .0. Cells were resuspended to a 
density of< 10 OD in the same buffer, and 1 OD used for measurement. 
Cells were kept in the dark after harvesting until use. 
For whole cell/whole chain oxygen evolution measurements 10mM 
NaHC03 (terminal electron acceptor) was added to the cells prior to 
application to the electrode chamber. For PSI! only oxygen evolution 
lmM benzoquinone (electron acceptor from PSI!) was added. For PSI 
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oxygen uptake measurements the following were added (in this order): 
SOuM DCMU (PSII inhibitor), lmM ascorbate (primary electron donor), 
lmM DAD (secondary electron donor), 2mM KCN (respiration inhibitor), 
and 2mM MV (terminal electron acceptor). Samples were allowed to 
equilibrate in the dark, and then were exposed to light and oxygen 
evolution or uptake recorded. The slope of the linear part of the output 
was calculated for each sample, and used to calculate the oxygen 
evolution or uptake in µmoles 02/hour for 1 OD of cells, or on a per 
chlorophyll basis. 
Thylakoid Membrane Preparation 
Cyanobacteria were grown in a 3L culture to rv 1 OD, collected by 
centrifugation and resuspended in small volumes of SMN (.4M sucrose, 
lOmM NaCl, lOmM MOPS-HCI, pH 7.0) plus SmM PMSF and SmM 
benzamidine. Cells were then broken in a bead beater using 10 seconds 
breaking followed by 3 minutes chilling on ice. After twelve cycles the 
cultures were observed to have the purple color indicative of cell 
breakage. Cells were washed from the glass beads used in the bead 
beater with SMN buffer supplemented with PMSF and benzamidine. 
Suspensions were centrifuged at 3000 RPM for 30 minutes to pellet 
unbroken cells and any remaining glass beads. Supernatant was 
transferred to a clean tube and centrifuged again. Supernatant 
containing membranes and soluble proteins was then centrifuged at 
25,000 RPM for one hour to pellet the membranes, and soluble proteins 
were discarded. 
Membranes were homogenized in SMN+PMSF+benzamidine to a 
concentration of rv250 µg Chi/ml (measured by 80% acetone extraction), 
aliquoted, and stored at -20 °C until use. Membranes for 
ultracentrifugation were incubated at room temperature for 30 minutes 
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with lOmM CaCl2 in the dark, and then with 1.5% dodecylmaltoside for 
30 minutes on ice. Suspensions were centrifuged for 25 minutes at 
13,500 rpm ( 4° C), and supernatant then diluted to contain less than 
10% sucrose for loading on prepared sucrose gradient. Sucrose step 
gradients of 10 to 30% were prepared in ultracentrifuge tubes by adding 
6 ml each of 30, 25, 20, 15, and 10% sucrose in lOmM MOPS buffer, pH 
7.0 (in that order, each on top of the other). Samples were loaded onto 
gradients in 5 ml aliquots. Ultracentrifugation was performed for 17 
hours at 25,000 rpm ( 4° C) using an SW28 rotor in a Beckman Coulter 
Optima LE-SOK Ultracentrifuge. 
Western Blotting 
100, 50, or 25 µg protein from thylakoid preparations were run on 
12 or 15% polyacrylamide gels. Gels were then transferred to 
Immobilon-NC membrane (Millipore) using a tank or semi-dry transfer 
unit. For the identification of very small proteins incomplete transfers 
were performed and more easily monitored using a semi-dry system from 
Bio-Rad. Complete transfers were performed using the Mini Trans-Blot 
system from Bio-Rad and run overnight at 30V, 4° C. Western blotting 
was performed as per ClonTech's "MatchMaker Monoclonal Antibodies 
User Manual", using 5% Milk + 1 % BSA for blocking. Incubating with 
goat normal serum after primary antibody helped to reduce background 
on blots. Detection was performed using ECL (Amersham) and exposure 
to blue sensitive x-ray film (Midwest Scientific). 
For quantitation, films were scanned using PDQuest and a GS800 
Calibrated Densitometer (Bio-Rad). Quantity One (Bio-Rad) was used to 
quantitate the bands on each film, and when possible quantitation from 
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Figure 3.1 Vector inserts for transformation by homologous 
recombination. 
Shown constructs were inserted into pBS KS- for introduction to 
Synechocystis. Enzymes as indicated by single letter abbreviations can 
be found in Materials and Methods, as can primers used for amplification 
of up- and downstream fragments. 
Results 
Due to the ease of transformation of Synechocystis sp. PCC 6803, 
two of the four ftsH homologs (those most similar to var2) were targeted 
for knock-out. Vectors were constructed for homologous recombination 
of antibiotic resistance into these loci (Figure 3.1). Wild-type 
Synechocystis was transformed with both p1390Cm and p0228Km. 
Transformants were grown on BGl 1 plus increasing appropriate antibiotic 
through three rounds of streaking and then checked for complete 
segregation of wild-type copies of the genome. Southern blotting using 
genomic DNAs from a number of different clones showed no wild-type 
banding patterns in the mutants (data not shown). PCR also showed no 
evidence of wild-type size amplification across both loci for homologous 
recombination of antibiotic resistance cassettes. 0228 knockout mutant 
Synechocystis appeared more blue and less greenish than wild-type, but 
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otherwise grew at a normal rate. 1390 knockout mutant appeared the 
same hue of blue-green as wild-type, but was severely inhibited in growth 
rate (knockout mutants will hereafter be referred to by the number of the 
gene affected, i.e. 0228 is the knockout mutant of gene slr0228). 
Unfortunately, after being stocked to -80° C 1390 mutant was 
unrecoverable from fungal contamination, and has not been further 
characterized. Characterization of 0228 mutant is the bulk of this study. 
Growth Rate 
Growth rate of 0228 mutant and wild-type Synechocystis was 
observed under four different combinations of high and normal light, with 
and without added glucose in the media. Cultures were started at an 
absorbance of 0.050 at 730 nm. Absorbance at this wavelength was then 
measured periodically for the cultures until they showed a significant 
leveling off of cell density. Curves were plotted as natural log of the 
absorbance at 730 nm as a function of time in minutes. The slope of the 
linear part of this growth curve was determined, and used for calculation 
of the doubling time for each culture in hours (Figure 3.2). With or 
without added glucose in the media there is no significant difference 
between the growth rates of wild-type and 0228 mutant Synechocystis 
under normal light. Of interest is the case of 0228 mutant grown under 
high light without the addition of glucose. While wild-type cells grow 
slowly under these conditions, 0228 mutant cells die. They show some 
growth during the first 24 to 48 hours under high light, and then die. 
77K Fluorescence 
Based on our hypothesis for var2 function in thylakoid membrane 
biogenesis and the growth difference seen in 0228 mutant, we were 
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Figure 3.2 Doubling time of cyanobacterial cultures. 
Cultures were monitored for OD at 730 nm from 0.05 until they had 
significantly leveled off. Four different conditions were observed for wild-
type and 0228 mutant. Only one culture shows an error bar without 
glucose because when cultures are growing slowly the slope used to 
calculate doubling time is close to zero, so slight changes in this slope 
cause large changes in doubling time approximation. 
This can be done through the use of low temperature fluorescence in 
which logarithmically dividing cells are collected and quickly frozen in 
liquid nitrogen. Light of a wavelength of 435 nm is then used to excite 
the frozen suspension, and emission is measured from 550 to 800 nm. 
Light at 435 nm excites chlorophyll a molecules, which based on their 
immediate environments will emit at various wavelengths. Emissions at 
685 and 695 nm are attributed to PSII antennae and reaction center 
associated chlorophylls. Emission at about 740 nm is attributed to PSI 
chlorophylls (Bose, 1982). Figure 3.3 shows 77K fluorescence results for 
wild-type and 0228 mutant Synechocystis. While the absolute values for 
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Figure 3.3 77K fluorescence emission spectra. 
Logarithmically growing cells were collected, prepared, and frozen in 
liquid nitrogen. A single wavelength of 435 nm was used for excitation of 
the samples, and emission was measured from 550-800 nm. Shown is 
the average of two individual measurements for each of wild-type and 
0228 mutant. 
for comparison. Wild-type Synechocystis has a PSI to PSII ratio of 2.494, 
while 0228 mutant has a PSI to PSII ratio of 1.354. This is a decrease of 
this ratio to rv54% of wild-type. This would imply that either PSII 
abundance is increased, or PSI abundance is decreased, in relation to the 
other. With isolated chloroplasts from plant tissue, fluorescein can be 
used as an internal standard to allow for quantifiable values from low-
temperature fluorescence. Fluorescein is not compatible with 
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Synechocystis cells as it intercalates into cell walls and gives two bands of 
emission too unreliable to use for reference (Hipkins and Baker, 1986). 
02 Evolution and Uptake 
77K fluorescence can show relative abundance of the two 
photosystems in Synechocystis sp. PCC 6803, but it can not show 
anything relating to the activity of the photosystems. Oxygen evolution 
and uptake experiments were employed to study the activity of the 
photosystems in wild-type and 0228 mutant. Measurements were taken 
for whole chain/cell oxygen evolution, oxygen evolution from 
photosystem two activity alone, and oxygen uptake by photosystem one 
activity alone (Figure 3.4 - for more on the specifics of such 
measurements see Materials and Methods). Slopes were determined for 
the linear part of each measurement curve, properly considered as% of 
scale/minute. These were then converted to µmoles 02/hour by using the 
conversion of 253 µM 02 in water at 25° C, the range of the scale having 
been determined by 02 saturated water. Contrary to expectation, there 
was no significant difference between wild-type and 0228 mutant when 
oxygen evolution and uptake values were considered as measured per 1 
OD of cells. However, when the data is considered per µg chlorophyll, as 
iS more appropriate for data concerning function of the complexes that 
bind chlorophyll, differences emerge. In Figure 3.4 the broad outlined 
bars are per chlorophyll, while the thinner filled bars are per OD cells. 
Based on equal chlorophyll PSI activity in the mutant is nearly twice that 
of wild-type. Considering a possible decrease in the abundance of PSI, an 
increased PSI activity per chlorophyll can be explained as the same 
amount of activity as in wild-type being performed by a lesser number of 
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Figure 3.4 Oxygen evolution and uptake of wild-type and mutant 
Synechocystis. 
Thin filled bars correspond with the Y-axis on the right, which is based on 
02 activity per OD cells used for measurement. Larger outlined bars 
correspond to the Y-axis on the left, which is based on 0 2 activity per µg 
chlorophyll used for measurement. Measurements were conducted three 
times, and the resulting averages are presented here. 
PSI proteins 
In order to determine whether any specific subuntts· of the 
photosystem one complex are affected by a loss of slr0228 gene product 
in Synechocystis, western blotting with a number of antibodies to PSI 
proteins was performed. Figure 3.5 shows four of the proteins that were 
examined in wild-type and 0228 mutant. After quantitation of bands a 
number of significant changes can be seen in protein levels between the 
two samples. Levels of PsaF and PsaI show significant reduction in 0228 
mutant compared to wild-type (see Figure 3.5 for numerical values). 
PsaB levels remained relatively the same for wild-type and mutant 
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samples, although on average they were reduced to rv80%. Conversely, 
PsaA is shown to be significantly accumulated in 0228 mutant compared 
to wild-type Synechocystis. This accumulation could pinpoint PsaA as a 
substrate for proteolysis by slr0228 gene product. Normally, when one 
subunit of the complex has been knocked out, there is little to no 
accumulation of the other subunits, and PsaA and PsaB are nearly always 
regulated in tandem as they are cotranscribed. Results from this study 
show that lack of slr0228 gene product is not affecting PSI accumulation 
in a generic way, but has some specificity for one of the two reaction 
center subunits. 
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Figure 3.5 Western blotting using PSI antibodies. 
PsaA (A), PsaB (B), PsaF (C), and PsaI (D) subunits of photosystem one 
were examined for their expression levels in wild -type and 0228 mutant 
Synechocystis sp. PCC 6803. Wild-type is on the left and mutant on the 
right for all panels. Bands from western blot are on bottom, chart shows 
relative intensity of bands after analysis. 
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Thylakoid membranes prepared for SOS-PAGE and western blotting 
were also subjected to sucrose gradient ultracentrifugation to separate 
the various membrane protein complexes. Briefly, membranes were 
incubated with CaCb to allow for PSI trimerization, then with 
dodecylmaltoside to release protein complexes from membranes. After 
centrifugation to remove membranes and other debris, proteins were 
loaded onto 10% to 30% sucrose step gradients and centrifuged 
overnight at 25,000 rpm. Three main fractions result from such 
treatment - a carotenoid and b6f fraction, a PSI monomer and PSII 
fraction (PSim/PSII), and a PSI trimer fraction (PSit) . An obvious visual 
difference was noted between wild-type and 0228 mutant samples after 
separation on the gradient (see Figure 3.6A). Wild-type samples 
Figure 3.6 Separation of PSI trimers by ultracentrifugation. 
(A) Top fraction (orange) is cytochrome b6f complex and carotenoids, 
middle fraction (green) is PSI monomers and PSII, and bottom fraction is 
PSI trimers. Left two tubes are wild-type, right two are 0228 mutant. 
so 
generally have a PSit to PSim/PSII ratio of anywhere from 2: 1 to 3: 2, as 
seen in this study. PSit to Psim/PSII ratio for 0228 mutant was about 
1: 1, and a faint orange halo could be seen beneath the PSI trimer 
fraction. The carotenoid fraction was also visibly a more intense red-
orange for 0228 mutant than for wild-type. As the columns were loaded 
with equal amounts of chlorophyll, this data also supports a decrease in 
functional PSI trimer, as opposed to an increase in PSII. 
PSit fraction was collected from the gradients and subjected to 
SDS-PAGE to separate the individual proteins from PSI complexes. This 
gel was loaded on an equal chlorophyll basis. No difference was seen 
between the wild-type and mutant photosystem one trimer proteins, 
indicating that while there is less accumulation of PSI trimers in 0228 
mutant, the trimers that are formed are like wild-type. 
Discussion 
FtsH is involved in a number of important membrane maintenance 
processes in Escherichia coli. It is responsible for the specific degradation 
of uncomplexed membrane proteins, and is able to insert proteins into 
and through the plasma membrane. We are interested in discovering the 
function of ftsH homologs in the chloroplasts of higher plants. In both 
higher plants and the photosynthetic cyanobacterium Synechocystis sp. 
PCC 6803 ftsH homologs are a family of genes; in Arabidopsis eleven 
members of this family have been identified (Adam et al., 2001; three 
more have been identified since that publication), in Synechocystis there 
are four putative members to this family. We have been studying the 
var2 variegation mutant of Arabidopsis. Chloroplasts in the yellow 
sectors of var2 plants are inhibited in thylakoid membrane biogenesis, 
leading to the hypothesis that var2 is involved in thylakoid membrane 
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biogenesis (Chen et al., 2000). In an attempt to take advantage of the 
facile genetics of Synechocystis we have generated a knockout mutant for 
the ftsH homolog most similar to var2. The phenotype of slr0228 
knockout mutant has been characterized in this chapter. 
It has been shown that 0228 mutant is not viable when grown 
under high light conditions without the addition of glucose in the media. 
It has also been shown that even under normal light conditions 
Synechocystis lacking slr0228 gene product has a decreased photosystem 
one to photosystem two ratio. This is not, however, accompanied by a 
decrease or increase in oxygen evolution or uptake from either of the two 
photosystems, respectively. On a per cell (OD730) basis wild-type and 
0228 mutant had no significant difference in 02 activity, interpreted as no 
difference in photosynthesis. But due to less chlorophyll per cell in 0228 
mutant 02 activity is changed significantly when expressed on a per 
chlorophyll basis. In this case PSI activity is nearly doubled in 0228 
mutant compared to wild-type. As there are no other known chlorophyll 
binding proteins ( other than the photosystems) in Synechocystis, 
photosynthetic data presented on a per chlorophyll basis are more 
representative of the functions of the photosystems than on a per cell 
basis. 
In an effort to determine if specific photosystem one subunits are 
affected in 0228 mutant, western blotting was performed using antibodies 
to numerous PSI subunits. Accumulation of PsaA was detected in 0228 
mutant compared to wild-type, while other PSI subunits measured 
showed a decrease in abundance. PsaA and PsaB are cotranscribed from 
the chloroplast genome, and in most photosystem one mutants PsaA and 
PsaB protein levels are coordinately regulated. As these two together 
bind the P700 reaction center chlorophylls, such coordinate regulation is 
in the best interest of efficiency to the cell. In many photosystem one 
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mutants where one subunit has been knocked out, the rest do not 
accumulate (knocking out PsaA or PsaB has this affect of the other as well 
as the rest of the subunits). Not only does this show that slr0228 is not 
an as-of-yet unidentified member of PSI, but also that it is affecting PSI 
subunit accumulation at a later step than these other knockout mutants. 
Gene Expression 
In a recent microarray study published, nearly all of the ORFs from 
Synechocystis sp. PCC 6803 were monitored for their response to a 
change from low light to high light (Hihara et al., 2001). A number of 
trends were noted, many having grounds for explanation in previous 
research on physiological response of photosynthetic organisms to high 
light. Expression of PSII gene PsbA was quickly upregulated to adjust for 
increased photoinhibition and turn-over of D1 reaction center protein. 
Expression of many heat shock homolog genes was induced ( i.e. clp, 
groEL/ES, htpG homologs), as were sodB and one gene for glutathione 
peroxidase. PSI genes (with the exception of PsaK) were rapidly 
downregulated to affect the dramatic decrease in PSI content that 
accompanies a transition to high light. An earlier study by Hihara et al. 
( 1998) found that under high light conditions PSI content decreased to 
rv40% that under normal light, and PSII content decreased to rv75%. 
Antenna content of PSII was also decreased under high light conditions. 
These changes are crucial for survival under high light stress as they 
allow for less energy capture and more efficient use of the energy 
captured. 
Two of the four ftsH homologs in Synechocystis were observed to 
have distinct expression changes during acclimation to high light. Both 
slr0228 and slr1604 were observed to have a dramatic increase in 
expression after only 15 minutes of exposure to high light, and 
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maintained a significantly increased level of expression six hours after 
high light exposure. After 15 hours in high light expression of both genes 
had returned to near low light levels. Such an increase in expression of 
slr0228 during the acclimation of Synechocystis to high light can be used 
to help understand the phenotype of 0228 knockout mutant. This mutant 
showed a growth difference to wild-type only under high light without the 
addition of glucose. This phenotype is consistent with normally increased 
expression of slr0228 in the acclimation of cells to high light - without this 
gene product they cannot acclimate, become photooxidized, and die. 
Evidence of this process can be seen in Figure 3.6 - the intensity change 
in the carotenoid fraction of the mutant indicates an increased carotenoid 
production, likely in an attempt to ease such photooxidation. The ability 
of 0228 mutant to grow in high light with the addition of glucose can be 
attributed to intermediates in the use of glucose accepting fixed electrons 
reducing photooxidation of the cells. 
ftsH Gene Families 
ftsH homologs in Synechocystis, as well as in Arabidopsis thaliana, 
are of a small gene family, so it can be hypothesized that a lack of one 
member of the family can potentially be made up for by other members 
of the family. This has long been the favorite of theories behind green 
sector formation in var2 mutant Arabidopsis - some compensating activity 
is able to make up for a lack of var2 gene product in some cells. ftsH1 is 
by far the most well-characterized of the other homologs in Arabidopsis. 
This gene product is also in the thylakoid membrane and has been shown 
to have protease activity against a primary degradation product of the D1 
subunit of photosystem two. ftsH1 is an excellent candidate for 
compensating a loss of var2 function. This could also be the case with 
Synechocystis. Possibly one of the other ftsH homologs is able to 
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compensate for a lack of slr0228 under some conditions. slr1604 is a 
good candidate as it is the most similar to ftsH1, but slr1390 would also 
be a good candidate as it is 60% identical to slr0228. This could explain 
why 0228 mutant cells grown under normal light do not have as severe a 
phenotype as under high light. It has been noted that var2 mutant 
Arabidopsis grown under low light tends to form more green sectors than 
under normal light. This has been attributed to slower growth at such a 
light intensity allowing for more accumulation of the compensating 
activity. 
Synechocystis gives us a novel opportunity to investigate a theory 
of compensating function by other family members through construction 
of multiple knock-out mutants. Possibly without both of slr0228 and 
slr1604 or slr1390 cells would experience growth difficulties under normal 
as well as high light. Complementary experiments could also be done in 
Arabidopsis (though not as easily) by generating var2 plants RNA-
silenced for ftsH1. If ftsH1 is a compensating factor for var2, these 
plants would likely show a more severe phenotype or not be viable at all. 
Differences in specificity of the ftsH family members in Synechocystis 
could also be explored by a characterization of 1604 and 1390 knock-out 
mutant Synechocystis. It has previously been reported that both of these 
gene products must be essential for the cell, as knockout mutants for 
both genes resisted complete segregation (Mann et al., 2000). But prior 
to contamination of the bacterial stock, our lab had confirmed segregation 
of an slr1390 knockout mutant that grew very poorly, so indeed appeared 
to have serious metabolic difficulties. Retransformation and segregation 
of Synechocystis with p1390Cm for study of this mutant would be 
valuable, as would be generation of p1604Sp for transformation. 
According to Mann et al. (2000) sll 1463 mutant had no obvious visible 
phenotype so was not characterized further. For a complete 
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understanding of the ftsH family members this mutant would need to be 
studied for any non-obvious physiological changes. 
Based on findings here and elsewhere in the recent literature, and 
through an understanding of ftsH function, a variety of possibilities can be 
discussed for slr0228. Specifically it can be suggested that, given its 
putative functions of proteolysis and/or chaperone activity, slr0228 gene 
product is responsible for selective degradation of PsaA. It is possible 
that subunits of photosystem one that are out of stoichiometric 
proportions in the cell are targeted for degradation through some 
additional factor, or slr0228 gene product could recognize an imbalance 
on its own. Either way it appears that slr0228 is involved in a post-
translational regulation mechanism for maintaining PSI subunits 
(specifically PsaA) in the correct proportions. It can also be hypothesized 
that slr0228 is responsible for degradation of PsaA upon a transition to 
high light, also requiring its removal from the thylakoid membrane 
complex. It has been shown for ftsH that a minimal length of cytoplasmic 
tail is required for the removal of proteins from the plasma membrane for 
processive proteolysis (Chiba et al., 2000). A suggested mechanism for 
such proteolysis is the binding of this tail by ftsH followed by the 
simultaneous unfolding of the substrate and feeding through the hole in 
the center of an oligomeric ring of ftsH molecules. The proteolytic activity 
of ftsH located toward the C-terminus of the molecule awaits the unfolded 
protein as it is fed through the hole. This mechanism has been proposed 
for AAA proteins that contain proteolytic activity based on the function of 
AAA proteins that are associated with other proteins having proteolytic 
activity (i.e. 205 proteasome lid proteins) (Vale, 2000). There is 
currently no proof for this mechanism of membrane protein proteolysis by 
ftsH homologs in the thylakoid membrane, but it is an attractive 
hypothesis to work from. 
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It can additionally be hypothesized that removal of PsaA from 
photosystem one complexes is an important step in the dissociation of 
the rest of the complex. If the rest of the complex was dismantled and 
only PsaA left (in 0228 mutant), such photooxidation and death under 
high light would not be expected, so this seems an important point of 
control for PSI complex disassembly. 
It seems promising that ftsH homolog mutant characterization in 
Synechocystis can lead to exciting discoveries in Arabidopsis. 
Characterization of slr0228 knock-out mutant has already led to a wealth 
of possibilities to explore for var2. Further experiments can be 
considered that will help solidify the link between ftsH homolog function 
in Synechocystis and Arabidopsis chloroplasts. Synechocystis promises to 
be a novel system for the relatively facile characterization of chloroplast 
gene product function. If only all chloroplast genes had homologs in 
Synechocystis sp. PCC 6803, we might know more about the intricate 
controls behind the coordinated biogenesis and maintenance of the 
photosynthetic apparatus. The more studies are done in both 
Synechocystis and Arabidopsis to confirm this correlation, the more 
interest will be developed for use of this cyanobacterium as a model 
system of the higher plant chloroplast. 
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CHAPTER FOUR. SUMMARY 
This thesis has presented two very different projects sharing in 
common a gene from Arabidopsis thaliana - var2. It is our belief that 
study of var2 will lend insight into the biogenesis of the photosynthetic 
machinery of the chloroplast. The ancient process of photosynthesis is 
the basis of life on this earth, yet there is much we do not understand 
about it. We know very little concerning the coordinate expression of 
genes from both the nuclear and chloroplast genomes that interact to 
effect chloroplast biogenesis and photosynthetic complex assembly and 
maintenance. And while we can observe changes in the photosynthetic 
machinery that accompany light, temperature and other stresses, we 
know surprisingly little about how these changes are accomplished. 
We have previously hypothesized var2 involvement in thylakoid 
membrane biogenesis based on the yellow variegated phenotype of 
Arabidopsis lacking in var2 gene product (Chen et al., 2000). Based on 
BLAST alignment var2 is a chloroplast homolog of ftsH from Escherichia 
coli. ftsH was discovered by four different groups studying four different 
processes, a fitting example of its involvement in a variety of metabolic 
activities (for review see Schumann, 1999). Various protease and 
chaperone activities of ftsH have been well-characterized (see specific 
references from Chapter Three). Based on BLAST alignment ftsH and 
var2 both contain a AAA ATPase domain, placing them in the large, 
ubiquitous AAA family of proteins (for recent review see Vale, 2000). 
In an attempt to utilize the advantages of working with a 
photosynthetic bacterium, we developed knockout strains of 
Synechocystis sp. PCC 6803 for two of its four ftsH homologs. slr0228 is 
60% identical to var2, so was targeted for knockout and characterization. 
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0228 mutant has decreased photosystem one content compared to wild-
type, but no effective loss in PSI activity. PsaA subunit accumulates in 
0228 mutant, offering this protein as a specific substrate for slr0228 gene 
product proteolysis. 0228 mutant died under high light without addition 
of glucose in the media; This data combined with a recent gene 
expression study in Synechocystis (Hihara et al., 2001) can pinpoint a 
few hypotheses for slr0228 function. One is that slr0228 gene product is 
essential for acclimation to high light, as it shows increased expression 
under these conditions and 0228 mutant is lethal at high light. The other 
is that slr0228 is likely involved in the selective degradation of PsaA from 
PSI complexes upon acclimation to high light, to effect the decrease in 
PSI that must occur for photoprotective reasons. Synechocystis looks to 
be a promising system of the study of function of ftsH homologs in the 
thylakoid membrane, and a variety of future experiments were 
considered. 
Another study stemming from the collection of the var2 allelic 
series was presented in Chapter Two. Five splicing mutant alleles of var2 
and immutans were presented and the mRNA species produced in each 
analyzed for sequence. Results from this study did not follow with the 
rather accepted model for spliceosome recognition of pre-mRNA based on 
exon definition. In an attempt to synthesize all similar splicing data for 
Arabidopsis, information was collected from the literature. As a result of 
this compilation, a model was presented for pre-mRNA recognition based 
on the smaller of local introns or exons. Such a model has been 
presented and evidenced for some Drosophila melanogaster genes, 
(Talerico and Berget, 1994) and appears reasonable for Arabidopsis 
(likely higher plants in general). 
Splice site data from var2 and immutans was also analyzed using 
SplicePredictor, an algorithm for exon and intron prediction. This 
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program showed evidence of locally optimal splice site usage in mutants 
activating cryptic 5' or 3' splice sites. This predictive tool will be useful 
for annotation of sequence information gained through efforts such as the 
Arabidopsis Genome Initiative. 
Ongoing Efforts 
The work presented here by no means represents the totality of the 
research that has gone in to the var2 project in the past two years. In an 
effort to identify proteins interacting with var2 much time has been spent 
on a yeast two-hybrid screen using the C-terminal portion of var2 as a 
bait. This portion contains the AAA domain as well as the active sites for 
proteolysis and chaperone activity. Some putative interactions were 
identified and need to be further tested. It seems that there might be 
difficulties in using a putative protease as a bait for such an interaction 
screen. There are a number of specific interactions to be examined using 
the two-hybrid system, including the proposed self-interaction of var2. 
Once an interaction has been confirmed, site-directed mutagenesis could 
also be used with such a system to determine residues important for such 
an interaction. A guide for which residues and regions to test can be 
found in similar studies concerning ftsH interactions. 
Another var2 project undertaken has been the expression and 
purification of protein using Escherichia coli. Even with a GST tag it 
appears that var2 gene product is able to complex with native ftsH gene 
product, resulting in the dominant negative phenotype of filamentous 
(dead) bacteria. Purification of any useful amount of VAR2 is virtually 
impossible in common E. coli strains. It has come to our attention that 
there is a strain of E. coli that has been deleted for ftsH, and contains a 
suppressor mutation of the filamentous phenotype (A5039 as in Lindahl 
et al., 2000; or A8926 as in Tatsuta et al., 1998). Our lab plans to obtain 
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one of these strains in order to allow for the purification of var2 protein, 
which will open the door to activity assays and coimmunoprecipitation. 
Another on-going var2 project is the complementation of the yellow 
variegated phenotype long-attributed to the lack of var2 with expression 
of wild-type var2. Columbia and var2-4 (a null allele, see Figure 1.1) 
have been transformed via Agrobacterium infection with an expression 
construct containing var2 under the control of the 355 CaMV promoter 
and a kanamycin resistance cassette. Primary transformants have been 
selected from kanamycin containing MS media and transferred to soil. 
var2-4 was transformed at the same efficiency as Columbia ( "'4%). 
Three of the twenty var2-4 transformants isolated, while they are not 
100% green, are definitely of a lesser degree of variegation than var2-4, 
showing the ability for at least partial complementation of the yellow-
variegated phenotype with var2 expression. Seeds wil I be collected from 
these transformants and studies on the level of VAR2 protein in each and 
inheritance pattern of the new phenotype will be conducted. Possibly 
plants expressing differing levels of var2, depending on the number of 
transgene inserts and their locations will be identified and a better idea of 
the requirement for var2 activity will be formulated. 
Additional Alleles Identified 
Through recent stock center searches a number of different entries 
of some var2 alleles have been identified. cs3659, cs3654, and cs3621 
all share the same mutation as var2-7; cs3279, cs3640, and cs3647 all 
share the same mutation as in var2-3; cs3681 has the same mutation as 
var2-5. For the most part these separately established lines share the 
same severity of yellow variegated phenotype, but there is one 
interesting exception. cs3320 from the ABRC and var2-4 share the same 
point mutation, but the plants look significantly distinct throughout their 
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life cycle. Chapter Two presented extensive study of the mutation in 
var2-4 plants resulting in altered mRNA species; cs3320 was similarly 
studied. No difference was identified between the two alleles (therefore 
cs3320 was not mentioned in Chapter Two). This likely means that 
cs3320 has a second site mutation in a gene that affects the yellow 
variegated phenotype. This could be an important mutation to locate 
through mapping onto the newly completed Arabidopsis genome 
sequence. Potentially, the second site mutation could be in a substrate of 
var2, a protein that complexes with var2, or a protein compensating for a 
lack of var2. 
There are many directions for the var2 project to head, each with 
exciting possibility. As it has been to date, the best route to a more 
thorough understanding of var2 function will be through pursuit of a 
number of the studies proposed in this chapter and also Chapter Three. 
It is the best kind of curse to have so many options that you're not sure 
where to head next - such is the status of var2. 
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